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Spectrum of Machine Knowledge 

factual:        
bornIn (SteveJobs, SanFrancisco), hasFounded (SteveJobs, Pixar), 

hasWon (SteveJobs, NationalMedalOfTechnology), livedIn (SteveJobs, PaloAlto) 

taxonomic (ontology):        
instanceOf (SteveJobs, computerArchitects), instanceOf(SteveJobs, CEOs) 

subclassOf (computerArchitects, engineers), subclassOf(CEOs, businesspeople) 

lexical (terminology):       
means (“Big Apple“, NewYorkCity), means (“Apple“, AppleComputerCorp) 

means (“MS“, Microsoft) , means (“MS“, MultipleSclerosis)  

multi-lingual:       
meansInChinese („乔戈里峰“, K2), meansInUrdu („کے ٹو“, K2) 

meansInFr („école“, school (institution)), meansInFr („banc“, school (of fish)) 

temporal (fluents):     
hasWon (SteveJobs, NationalMedalOfTechnology)@1985 

marriedTo (AlbertEinstein, MilevaMaric)@[6-Jan-1903, 14-Feb-1919] 

 

 



Knowledge for Intelligence 

• entity recognition & disambiguation 

• understanding natural language & speech 

• knowledge services & reasoning for semantic apps  

  (e.g. deep QA) 

• semantic search:  precise answers to advanced queries 

  (by scientists, students, journalists, analysts, etc.) 

Politicians who are also scientists? 

German professors who founded Internet companies? 

Enzymes that inhibit HIV?  
Influenza drugs for teens with high blood pressure? 
... 

FIFA 2010 finalists who played in a Champions League final? 

Relationships between  
Alexander Pushkin, Evariste Galois, Johnny Ringo, and Hamlet? 
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Who Created the First Ontology 

in the History of Mankind? 

Veda Vyasa 
(1200 - 400 BC) 

Jimmy      Larry 

Wales      Sanger 
(1966 –)      (1968 –) 

Doug Lenat 
(1950 – ) 

Denis        Jean le Rond 

Diderot        d‘Alembert 
(1713-1784)    (1717-1783) 

Gottfried  

Wilhelm 

Leibniz 
(1646-1716) 

Leonardo 

da Vinci 
(1452-1519) 



The World’s First Ontology 

Denis        Jean le Rond 

Diderot        d‘Alembert 
(1713-1784)    (1717-1783) 

Diderot & d‘Alembert (Eds.) 

1751-1780 

35 volumes, 4250 copies 

71818 articles, 3129 figures 

18000 pages, 20 Mio. words 

2250 contributors 



The World‘s First Ontology 

Denis Diderot &  

Jean le Rond d‘Alembert 

1751-1780 

35 volumes, 4250 copies 

71818 articles, 3129 figures 

18000 pages, 20 Mio. words 

2250 contributors 



History of Ontologies: Modern Times 

Doug Lenat: 
„The more you know, the more  

(and faster) you can learn.“ 

Cyc project (1984-1994) 
cont‘d by Cycorp Inc. 

 x: human(x)  male(x)  female(x) 

 x: (male(x)   female(x))   

       (female(x)   male(x))  

 x: mammal(x)  (hasLegs(x)  

         isEven(numberOfLegs(x)) 

x: human(x)   

      ( y: mother(x,y)   z: father(x,z)) 

 x  e : human(x)  remembers(x,e)  

        happened(e) < now 

George  

Miller 

Christiane 

 Fellbaum 

WordNet project  

(1985-now) 



History of Ontologies: Modern Times 
WordNet project  

(1985-now) 

+ many classes 

+ many subclass relations 

 no formal representation 

 no instances of classes 



History of Ontologies: This Millenium 

Expressive yet tractable 

logics for ontologies 

Powerful tools for creating 

and maintaining ontologies 

Domain-specific ontologies 

for semantic applications 

A
  

  
  
  
I 
  
  
  
 F

  
  
  
  
B

 

Protégé, KAON,  

OntoBroker, OntoStudio, … 

RDFS, OWL 
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From Ontologies to Knowledge Bases 

+  focus on classes (T-Boxes) 

 few or no instances of classes (A-Boxes) 



Knowledge Bases:  New Opportunities  

Larry  
Sanger 

Jimmy 

Wales 



Knowledge Bases:  New Opportunities  

Larry  
Sanger 

Jimmy 

Wales 



Automatic Knowledge Base Construction 

American billionaires 

Technology company founders 

Apple Inc. 

Deaths from cancer 

Internet pioneers 

tycoon, magnate 

entrepreneur 

pioneer, innovator ? 

YAGO               

Integrating entities & facts from Wikipedia 
with semantic classes in WordNet 

 YAGO knowledge base: 

10 Mio. entities, 350 000 classes,  
180 Mio. facts, 100 relations,  
100 languages, 2 Bio. triples, 
95% accuracy 
 

pioneer, colonist 

? 

map 300K Wikipedia categories 

onto 150K WordNet classes 



Large-Scale Universal Knowledge Bases 

Yago:  10 Mio. entities, 350 000 classes,  

  180 Mio. facts, 100 properties, 100 languages 

 high accuracy, no redundancy, limited coverage 

Dbpedia: 4 Mio. entities, 250 classes,  

            500 Mio. facts, 6000 properties 

             high coverage, live updates  

Freebase: 25 Mio. entities, 2000 topics,  

 100 Mio. facts, 4000 properties 

 interesting relations (e.g., romantic affairs) 

NELL:  300 000 entity names, 300 classes, 500 properties, 

 1 Mio. beliefs, 15 Mio. low-confidence beliefs 

 learned rules 

and more … plus Linked Data 

YAGO                       

ReadTheWeb 

http://www.cmu.edu/index.shtml


Knowledge Base Population 

Georg Lausen was one of Wolffried Stucky‘s best students 
Klaus Dittrich and his advisor Lockemann wrote the DB handbook 
Gerhard Goos and his Bavarian advisor Bauer wrote a textbook 
Emmy Noether was helped by her advisor Paul Gordan  
Emmy Noether was helped by her colleague Weyl 
Andreas Oberweis is one of Stucky‘s academic descendants 
Stucky and his advisor Hotz never co-authored any paper 
Ottmann and Maurer co-authored seven papers  
 

 

 

 

hasAdvisor (GeorgLausen, WolffriedStucky) 
hasAdvisor (GerhardGoos, F.L.Bauer)    
… 
AlmaMater (Georg Lausen, TU Karlsruhe) 
AlmaMater (Emmy Noether, TU Erlangen) 
… 

Pattern-based Gathering 

(statistical evidence) 
Constraint-aware Reasoning 

(logical consistency) 
+ 

Georg Lausen was one of Wolffried Stucky‘s best students 
Klaus Dittrich and his advisor Lockemann wrote the DB handbook 
Gerhard Goos and his Bavarian advisor Bauer wrote a textbook 
Emmy Noether was helped by her advisor Paul Gordan  
Emmy Noether was helped by her colleague Weyl 
Andreas Oberweis is one of Stucky‘s academic descendants 
Stucky and his advisor Hotz never co-authored any paper 
Ottmann and Maurer co-authored seven papers  

Georg Lausen was one of Wolffried Stucky‘s best students 
Klaus Dittrich and his advisor Lockemann wrote the DB handbook 
Gerhard Goos and his Bavarian advisor Bauer wrote a textbook 
Emmy Noether was helped by her advisor Paul Gordan  
Emmy Noether was helped by her colleague Weyl 
Andreas Oberweis is one of Stucky‘s academic descendants 
Stucky and his advisor Hotz never co-authored any paper 
Ottmann and Maurer co-authored seven papers  

hasAdvisor (<person>, <person>) AlmaMater (<person>, <university>) 

Georg Lausen was one of Wolffried Stucky‘s best students 
Klaus Dittrich and his advisor Lockemann wrote the DB handbook 
Gerhard Goos and his Bavarian advisor Bauer wrote a textbook 
Emmy Noether was helped by her advisor Paul Gordan  
Emmy Noether was helped by her colleague Weyl 
Andreas Oberweis is one of Stucky‘s academic descendants 
Stucky and his advisor Hotz never co-authored any paper 
Ottmann and Maurer co-authored seven papers  



Pattern-based Gathering of Fact Candidates 
 

 

Facts Patterns 

(GeorgLausen, WolffriedStucky) 

(EmmyNoether, PaulGordan) 

& Fact Candidates 

X and his advisor Y 

X under the guidance of Y 

X and Y in their paper 

X co-authored with Y 

X rarely met his advisor Y 

… • good for recall 

• noisy, drifting 

• not robust enough 

  for high precision 

(Andreas, Georg) 

(Angela, Lutz) 

(Rudi, Erich) 

(Karl-Theodor, Peter) 

(Angela, Berlin) 

(Wolffried, Günter) 

(Angela, Emmy) 

(Karl-Theodor, Angela) 

(Rudi, SirTim) 

Hearst‘92 ;  Brin’98: Dipre;  Agichtein’00: Snowball;  

Etzioni‘04: KnowItAll;  Cimiano et al. ‘04: Text2Onto;  …  



hasA(Rudi, Erich) 

hasA(Emmy, Paul) 

hasA(Emmy, SirTim) 

hasA (Steffen, Rudi) 

hasA (Rudi, Steffen) 

hasA (Angela, Berlin) 

… 

ground atoms: 

Constrained Reasoning for Logical Consistency 

 Use knowledge (consistency contraints)  

for joint reasoning on hypotheses  

and pruning of false candidates 

 x, y, z: hasA(x,y)  hasA(x,z)  y=z 
 x, y: hasA(x,y)   hasA(y,x) 
 x, y, p: occurs (x, y, p)  goodPattern(p, hasA)  
                 hasA(x,y) 
 x, y, p: occurs (x, y, p)  hasA(x,y) 
                goodPattern(p, hasA) 
 x, y: hasA(x,y)  type(x)=Person 
 x, y: hasA(x,y)  type(y)=Scientist 
 x, y: hasA(x,y)  hasStudent(y,x) 
 x, y: AlmaMater(x,y)  type(y)=University 

 x,y,u: hasA(x,y)  AlmaMater(x,u)  FacultyOf (y,u) 
 x,y,s,t: hasA(x,y)  gradYear(x,s)  gradYear(y,t)  t < s  



Constrained Reasoning for Logical Consistency 

 Use knowledge (consistency contraints)  

for joint reasoning on hypotheses  

and pruning of false candidates 

Find consistent subset(s) of atoms (“possible world(s)“, “the truth“) 

 customized Weighted MaxSat solver for set of clauses 

 max posterior for probabilistic factor graph (Markov Logic etc.) 

 x, y, z: hasA(x,y)  hasA(x,z)  y=z 
 x, y: hasA(x,y)   hasA(y,x) 
 x, y, p: occurs (x, y, p)  goodPattern(p, hasA)  
                 hasA(x,y) 
 x, y, p: occurs (x, y, p)  hasA(x,y) 
                goodPattern(p, hasA) 
 x, y: hasA(x,y)  type(x)=Person 
 x, y: hasA(x,y)  type(y)=Scientist 
 x, y: hasA(x,y)  studentOf(y,x) 
 x, y: AlmaMater(x,y)  type(y)=University 

 x,y,u: hasA(x,y)  AlmaMater(x,u)  FacultyOf (y,u) 
 x,y,s,t: hasA(x,y)  gradYear(x,s)  gradYear(y,t)  s < t  

hasA(Rudi, Erich) 

hasA(Emmy, Paul) 

hasA(Emmy, SirTim) 

hasA (Steffen, Rudi) 

hasA (Rudi, Steffen) 

hasA (Angela, Berlin) 

… 

ground atoms: 
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Deep Question Answering 

99 cents got me a 4-pack of Ytterlig 

coasters from this Swedish chain 

This town is known as "Sin City" & its 

downtown is "Glitter Gulch" 

William Wilkinson's "An Account of the 

Principalities of Wallachia and Moldavia" 

inspired this author's most famous novel 

As of 2010, this is the only  

former Yugoslav republic in the EU 

www.ibm.com/innovation/us/watson/index.htm 

D. Ferrucci et al.: Building Watson: An Overview of the  

DeepQA Project. AI Magazine, Fall 2010. 

YAGO 

knowledge 

back-ends 

question 

classification & 

decomposition 

http://www.ibm.com/innovation/us/watson/index.htm


Deep QA: Even Deeper 

Q: Which US city has two airports  

 named after a war hero and a world war battle? 

 A Web Jan 2011: Edward O’Hare, Charles de Gaulle, … 

 A Watson: Toronto 

 A: Chicago 

    A Web Jan 2012: Watson 

Q: Which genetically caused connective tissue disorder  

 has severe symptoms regarding the aorta  

    and ophthalmologic subluxation? 

A: Marfan Syndrome 

 

[Jeopardy show 16-Feb-2011] 

 QALD@ESWC’12 competition:  

     Question Answering over Linked Data 



Named Entity Disambiguation 



    AIDA: Accurate Online Disambiguation 

http://www.mpi-inf.mpg.de/yago-naga/aida/ 

 

http://www.mpi-inf.mpg.de/yago-naga/aida/
http://www.mpi-inf.mpg.de/yago-naga/aida/
http://www.mpi-inf.mpg.de/yago-naga/aida/
http://www.mpi-inf.mpg.de/yago-naga/aida/
http://www.mpi-inf.mpg.de/yago-naga/aida/


Application: Disease Networks 

K.Goh,M.Kusick,D.Valle,B.Childs,M.Vidal,A.Barabasi: The Human Disease Network, PNAS, May 2007 

combine w/ life-science ontologies 

(GO, BioPax, OMIM, UMLS, …) 



Knowledge for Business Intelligence 

Service discovery  

and matchmaking 

Business processes 

specifications 

(Seemingly) Simple Example: 

Workflow for compiling an institute report: 

many authors, copy editing, translations, illustrations, PR, … 

Source(s):  
http://amatterofdegree.typepad.com/a_matter_of_degree/2010/05/how-sharepoint-2010-can-support-nonlinear-business-processes.html 

http://www.basement.org/2005/12/weird_naked_white_collar_guys.html 

Semantic reasoning 

on process behavior 



Collective Knowledge for Smart Logistics 
highly instrumented world of sensors:  

     RFID, GPS, mobiles, cameras, tweets, social media, etc. 

Source: Pictures of the Future, Siemens, Spring 2011 

 monitor events, detect emergent situations, real-time reaction 

City of the Future 

will depend on: 

• Smart energy 

• Smart traffic 

• Smart health 

• Real-time data analytics 

• Knowledge bases 

• Semantic reasoning 

• Online optimization 

• Self organization 

• Scalable computing 
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Next-Generation Wikipedia 
 

no photo(s) ! 

no infobox ! 

What‘s Wrong Here ? 



Multimodal Knowledge 
 

 http://www.image-net.org ImageNet: Photos for WordNet 
[Deng et al.: CVPR‘09] 

http://www.image-net.org/
http://www.image-net.org/
http://www.image-net.org/


Photos of Named Entities 
q: AIFB (location) q: Karlsruhe pyramid q: Rudi Studer q: Stefan Tai 



Web of Linked Data 

300 data/knowledge collections 

30 Bio. RDF triples 

500 Mio. links 



rdf.freebase.com/ns/en.rome_ny 
data.nytimes.com/51688803696189142301 

geonames.org/5134301/city_of_rome 

N 43° 12' 46'' W 75° 27' 20'' 

dbpedia.org/resource/Rome 

yago/wikicategory:ItalianComposer 

yago/wordnet: Artist109812338  

yago/wordnet:Actor109765278  

imdb.com/name/nm0910607/ 

From Linked Data to Linked Knowledge  

imdb.com/title/tt0361748/ 

dbpedia.org/resource/Ennio_Morricone 

data quality: 

automatic, dynamic, 

high coverage ! 
? 

? ? 



Lifting the Web to Entities & Relations  

Semantic 

authoring 

Entity Detection &  

Disambiguation 

 generate RDFa … 
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Take-Home Message 

• Exciting opportunities and challenges 

Knowledge Web 

• Machine Knowledge from Web Sources: finally real ! 

   
• Ontologies  Knowledge Bases  Applications 

     (semantic representations + rich instance data) 

• Numerous applications in: 

o  business (enterprise knowledge) 

o  science (life sciences, logistics, humanities, etc.) 

o  society (health, energy, etc.) 



Schlusswort 
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 40 Jahre AI & FB 

in einem Haus ! 
Ontologies 

Logics & 

Formal 

Concepts 

Business 

Services 

Smart  

Energy 

Collective 

Knowledge 

& Linked Data 

Herzlichen Glückwunsch 

und weiter so ! 

Cloud 

Computing 


